The goal of this study was to provide a comprehensive view of the compositional characteristics of fish genomes. We therefore expanded the number of fish species that we had explored so far in their DNAs by analytical ultracentrifugation in CsCl density gradient from 122 to 201. This study included representatives from three out of nine orders of Elasmobranchs (sharks and rays), both orders of dipnoan lungfishes, and both orders of chondrosteans (sturgeons and bichirs). We also studied 19 out of 38 teleostean orders, which represent all but four (minor) superorders of the subdivision Teleostei, a group comprising about 23,600 species (96% of all extant fishes). This leaves for further studies two subclasses, Holocephali (chimaeras), and Coelacanthimorpha (gombessas). In spite of this substantial increase in the number of species and orders analysed, all average properties (the modal buoyant density, r 0 , the average buoyant density, krl, the CsCl profile asymmetry, A, and the compositional heterogeneity, H), and all their ranges were unchanged compared to a previous study [J. Mol. Evol. 31 (1990) 265]. This suggests that, in all likelihood, the properties reported in the present paper can be considered as generally valid for all fish genomes. q
Introduction
Previous investigations from our laboratory analysed the compositional patterns of fish genomes by studying the profiles obtained in analytical CsCl ultracentrifugation experiments. This was done in three steps involving a total of two (Thiery et al., 1976) , 34 (Hudson et al., 1980) , 39 (Pizon et al., 1983) and 122 (Bernardi and Bernardi, 1990a) species, respectively. Since the early studies (Thiery et al., 1976 ) the compositional properties of fish genomes were shown to be strikingly different from those of birds and mammals. While birds and mammals display genomes with vast heterogeneities, 10-15% of their genomes containing GC-rich sequences, fish genomes, in general, display DNAs characterized by a lower heterogeneity, GC-rich sequences being less GC-rich and less abundant that un warm-blooded vertebrates. In contrast, the distribution of genes is similar in all vertebrates, in that about half of the genes are located in the GC-rich sequences of the genomes, even if theses sequences are less GC-rich in fishes compared to mammals and birds (Bernardi and Bernardi, 1990b) .
The transition in genome organization between cold-and warm-blooded vertebrates is therefore a crucial step in vertebrate DNA evolution. In order to fully understand this transition, it is essential to have a clear picture of the compositional properties of fish genomes. Since fish represent a huge variety of vertebrate forms (half of all vertebrate species), it is essential to study a phylogenetically representative sample of fish species. Thus we decided to expand the genomes explored so far to a total of 201 species.
The reasons for exploring such a large number of fish genomes was (i) as mentioned above, to obtain a phylogenetically representative sample of different orders as fishes include a vast array of distantly related vertebrates with about 25,000 species, corresponding to about half of the extant vertebrate species (Nelson, 1994) ; and (ii) to extend as much as possible comparisons of fish orders, families, and genera, in order to investigate the compositional differences that arose over evolutionary time (see Bernardi and Bernardi, 1990b) .
Materials and methods

Fish samples
Original fish samples were obtained for 73 species. Fish were collected by spear while free or scuba diving except Gillichthys seta, Gillichthys mirabilis, which were collected with minnow traps, and Leuresthes sardina which was collected using a beach seine. Sampling localities are given in Table 3 . Fishes from Panama were collected by Kenneth Clifton (by spear), the sample from Venezuela was collected by Jason Podrabsky (by hand net).
DNA preparation
The samples of fish DNAs investigated here were obtained from either liver or, in the case of small fishes, from whole bodies, using the method of Kay et al. (1952) .
Ultracentrifugation
Analytical ultracentrifugation was performed using a Beckman ultracentrifuge Optima XL-A.
The modal and mean buoyant densities, r 0 and krl, the asymmetry of the CsCl main band, A ¼ krl 2 r 0 , the intermolecular compositional heterogeneity, H, and the molar ratio, GC, of deoxyguanosine 1 deoxycytidine were calculated as described by Bernardi and Bernardi (1990a) . Table 1 presents a classification of fishes derived from Nelson (1994) in order to indicate the taxonomic position of the species studied. This classification puts the fishes in an order that reflects their postulated evolutionary relationship, ranging from the most ancient splits in vertebrate evolution, Chondrichthyes (sharks, rays), Sarcopterygii (Lungfish, Bernardi and Bernardi (1990a) ; see this reference for additional information and for the sources of c values. The sources of samples are given in Bernardi and Bernardi (1990a) and in Table 3 .
Results and discussion
Coelacanths and Tetrapods) and Actinopterygii (ray-finned fishes), to the most recent teleost orders, like Tetraodontiformes (puffers) and Pleuronectiformes (flounders). This study included representatives from three out of nine orders of Elasmobranchs (sharks and rays), both orders of dipnoan lungfishes, and both orders of chondrosteans (sturgeons and bichirs). We also studied 19 out of 38 teleostean orders, which represent all but four (minor) superorders of the subdivision Teleostei, a group comprising about 23,600 species (96% of all extant fishes). This leaves for further studies two subclasses, Holocephali (chimaeras), and Coelacanthimorpha (gombessas). Table 2 lists all species studied with their properties. Table 3 lists the sampling localities.
In a previous study of the analytical CsCl profiles of fish DNAs (Bernardi and Bernardi, 1990a) , only three DNA Table 3 Sampling localities of the fish species investigated Species Fig. 1 . The number of fish species is plotted against modal buoyant densities. Only species characterized by different modal buoyant densities were used within a genus. samples (4, 11, 12; all of them from Chondrichtyes) showed sizable amounts of resolved satellite bands, which were on the heavy, GC-rich side of the main band. Minor satellite bands were found in other DNA samples, mainly on the heavy side and more rarely on the light side. Finally, some other samples showed poorly resolved satellite on the heavy side. Fig. 1 Because the distribution of r 0 values could be biased by the overrepresentation of species from the same genera or families of fishes, a histogram was constructed in which only one DNA sample per genus was taken into account when the other species within the genus had the same buoyant density. This histogram was not, however, strikingly different from that including all species.
The distribution of DNA CsCl band asymmetries for all fish species investigated are presented in the histogram of Fig. 2 Intermolecular compositional heterogeneities (H) basically reflect the spread of GC levels among different fragments in a given DNA preparation. Fig. 3 displays the distribution of H values for different fish species. Values ranged from 0.5% GC for Aphyosemion striatum (sample 59) to 4.7% GC for Arothron meleagris (sample 199; the higher value of 4.9% for S. dumerili, sample 7, was due to a shoulder on the heavy side of the main band, indicative of a satellite). The average heterogeneity, H, of DNAs from Osteichthyes was equal to 2.6% GC (s ¼ 1:1% GC). Values higher than 3% GC were often due to poorly resolved satellites (see, for instance, sample 7). Artefactual reasons, like low molecular weight of DNA samples, may also account for some high values of H. A plot of CsCl band asymmetry versus intermolecular compositional heterogeneity (Fig. 4) shows a linear relationship. The slope of the line was significantly different from zero (P , 0:001).
The very small increase in the number of c values, relative to those reported in previous work (Bernardi and Bernardi, 1990a) made it unnecessary to replot the data against GC values, as previously done. Fig. 2 . The number of fish species is plotted against the CsCl band asymmetry. Fig. 3 . The number of fish species is plotted against the intermolecular compositional heterogeneity of DNAs. Fig. 4 . Plot of CsCl band asymmetry against compositional heterogeneity of DNAs from fishes. Four outliers were not taken into consideration because the anomalous asymmetries were due to satellite DNAs.
In conclusion, an almost twofold increase in the fish DNAs investigated, including species from a number of orders and families not previously explored, did not lead to any significant differences in the range and average values of modal buoyant densities, asymmetry and heterogeneity compared to previous investigations (Bernardi and Bernardi, 1990a) . This suggests that these values are unlikely to change with further increases in the fish samples explored.
